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BRCA1 and BARD1 mediate apoptotic resistance
but not longevity upon mitochondrial stress in

Caenorhabditis elegans
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Abstract

Interventions that promote healthy aging are typically associated
with increased stress resistance. Paradoxically, reducing the activity
of core biological processes such as mitochondrial or insulin meta-
bolism promotes the expression of adaptive responses, which in
turn increase animal longevity and resistance to stress. In this study,
we investigated the relation between the extended Caenorhabditis
elegans lifespan elicited by reduction in mitochondrial functionality
and resistance to genotoxic stress. We find that reducing mito-
chondrial activity during development confers germline resistance
to DNA damage-induced cell cycle arrest and apoptosis in a cell-
non-autonomous manner. We identified the C. elegans homologs of
the BRCA1/BARD1 tumor suppressor genes, brc-1/brd-1, as media-
tors of the anti-apoptotic effect but dispensable for lifespan
extension upon mitochondrial stress. Unexpectedly, while reduced
mitochondrial activity only in the soma was not sufficient to promote
longevity, its reduction only in the germline or in germline-less strains
still prolonged lifespan. Thus, in animals with partial reduction in
mitochondrial functionality, the mechanisms activated during devel-
opment to safeguard the germline against genotoxic stress are uncou-
pled from those required for somatic robustness and animal longevity.
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Introduction

Genomic integrity is maintained by the coordinated action of a
plethora of genes that continuously survey the DNA to prevent the
transmission of mutations to daughter cells either by temporarily
halting the cell cycle and repairing the damage or by promoting
apoptotic cell death. Deregulation of this finely controlled process
leads to cancer, neurodegenerative diseases, and accelerated aging
as clearly underlined by disorders ascribed to mutations in DNA
surveillance genes [1,2]. Aging is a multifactorial process concur-
rently shaped by genetic and environmental factors and character-
ized by the progressive deterioration of cellular macromolecules
and organelles with consequent functional decline of different
tissues and organs, in turn leading to increased risk of contracting
diseases and of death [3,4]. Resistance to infections and damaging
agents declines with aging, and interventions that promote healthy
aging are typically associated with increased resistance to different
types of stressors. Emblematic examples of this aging trait have
been extensively characterized in the genetically tractable model
organism Caenorhabditis elegans (C. elegans) where lifespan-
extending interventions were often identified in genetic screens for
enhanced resistance to stress [5,6]. Paradoxically, reduced activity
of core biological processes, such as mitochondrial metabolism,
protein translation, the insulin/IGF signaling, and DNA repair,
induces the expression of compensatory cellular stress responses,
which are often causally involved in animal longevity and resis-
tance to stress [7-10].

One class of C. elegans long-lived, stress-resistant mutants is
defined by genetic or RNAi-mediated suppression of genes directly
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or indirectly implicated in the functionality of the mitochondrial
respiratory chain (MRC), the so-called mitochondrial mutants (Mit
mutants) [11,12]. Changes in animal metabolism, the induction of
protective and detoxifying systems (e.g., mtUPR, antioxidants,
autophagy) [7,13-16], a smaller germline, a decreased but
prolonged fertility, and a reduced adult size (often accompanied
by slower development) are all associated with lifespan extension
upon mitochondrial disturbance. Moreover, different molecular
players have been identified in the past two decades that mediate
Mit mutants’ longevity: a handful of transcription factors [7,17—
22], autophagy- and apoptosis-regulatory genes [7,14,18,23,24],
some Kinases [25-27], as well as some mitochondrial metabolites
[28] and chromatin remodeling genes [29,30]. Nonetheless,
whether the same molecular mechanisms underlie the different
Mit-mutant’s phenotypic features is largely unknown [14,31,32].
The C. elegans p53 ortholog, cep-1, specifies many of the Mit-
mutant phenotypes, including animal’s reduced fertility and germ-
line size [14,17,18,33], and mediates germ-cell apoptosis in
response to genotoxic stress [34,35]. However, whether pro-long-
evity mitochondrial stress affects systemic or germline resistance
to genotoxic insults and whether these are simply associated or
causally involved in animal extended longevity remain unexplored
so far.

In this study, we addressed these questions and found that reduc-
ing mitochondrial activity not only reduces germ-cell proliferation
and apoptosis in physiological conditions, but it also confers germ-
line resistance to DNA damage-induced cell cycle arrest and apopto-
sis. This protective effect is not due to impaired apoptosis, whose
activation and execution machinery are otherwise intact, but rather
to improved DNA-damage detoxification and repair system. A small-
scale RNAi screen revealed that an intact genome maintenance
apparatus is indeed required to survive and specify Mit-mutant
phenotypes and led to the identification of the C. elegans homologs
of BRCA1 and BARDI tumor suppressor genes (brc-1 and brd-1,
respectively) as mediators of the anti-apoptotic effect promoted by
reducing mitochondrial activity. Unexpectedly, we found that the
lifespan extension triggered by mitochondrial stress does not require
brc-1 and brd-1 or other DNA-damage response (DDR) regulatory
genes and is not paralleled by an improved systemic resistance to
genotoxic insults. Of note, reducing mitochondrial function only in
the germline was not sufficient to promote the anti-apoptotic effect
while it still prolonged lifespan; on the other hand, reducing mito-
chondrial function only in the soma still protected the germline
against genotoxic stress, but it actually curtailed lifespan. The
uncoupled germline versus somatic responses elicited by a well-
established lifespan-extending intervention indicates that genes
which contribute to the conservation of the species do not segregate
with the ones that promote longevity, a very sound process from an
evolutionarily point of view.

Results

Pro-longevity mitochondrial stress reduces germline cell
proliferation and apoptosis

The gonad of the C. elegans hermaphrodite is composed of two U-
shaped tubes starting from their distal tip cell, the stem cell-like
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compartment that gives rise to the mitotic zone. After a few rounds
of proliferation, mitotic cells enter meiosis, become competent to
undergo apoptosis, and differentiate into oocytes, which pass
through the spermatheca to be fertilized. Embryos are subsequently
laid through the vulva. The reduced germline size and fertility rate
[36], associated with the extended lifespan of different Mit mutants,
could then be ascribed to impaired germ-cell proliferation or to
increased apoptosis (or both). To distinguish between these possi-
bilities, we first quantified the number of mitotic and meiotic germ
cells in animals with reduced expression of two MRC regulatory
proteins, namely frh-1, the C. elegans ortholog of human frataxin (a
mitochondrial protein involved in the biogenesis of iron—sulfur clus-
ters, ISC), and isp-I, the ISC component of complex III of the MRC.
In vitro germline staining with the fluorescent DNA intercalating
agent DAPI (4',6-diamidino-2-phenylindole) revealed a significantly
reduced number of mitotic and meiotic cells in long-lived frii-1- and
isp-I-silenced animals compared to control animals (Figs 1A and B,
and EV1A). In addition, frh-1 and isp-I RNAi-treated animals also
displayed a reduced number of germ cells positively stained for the
G2/M-phase marker phospho-Ser10-histone 3 (PH3) and an
increased number of germ cells expressing the cyclin-dependent
kinase CDK-1, whose activity normally decreases to favor cell cycle
progression through M-phase (Figs 1C and D, and EV5A and B).
Moreover, in support of reduced but active germ-cell proliferation,
in vivo pulse-chase experiments by feeding worms with bacteria
incorporating EAU (5-ethynyl-2'-deoxyuridine), which reveal newly
synthesized DNA, showed that mitochondrial stress significantly
reduces the number of proliferating germ cells compared to wild-
type animals (Figs 1E and EV5C).

We then quantified the number of apoptotic germ cells in physio-
logical conditions and in response to different DNA-damaging
agents. The number of apoptotic corpses in the germline of frh-I
and isp-1 RNAi-treated animals was significantly reduced under
physiological conditions (Figs 1F and EV1B). Of note, silencing of
mitochondrial genes also conferred resistance to apoptosis induced
by different genotoxic stressors. Indeed, while as expected, the
number of apoptotic corpses significantly accumulated in the gonad
of wild-type animals after treatment with gamma radiation, UVC,
cisplatin, or different doses of UVB, reducing mitochondrial func-
tionality significantly prevented apoptotic induction in response to
the applied DNA-damaging agents except cisplatin (Figs 2A-D and
EV1B). Higher doses of UVB similarly arrested the development of
both control and silenced animals (Fig EV1C).

Moderate mitochondrial stress promotes DNA-damage
protective responses

The above-observed phenotypes in the germline of the Mit mutants
may be ascribed to two completely opposite scenarios: either to an
impairment of the DDR pathways (DNA-damage sensors/transduc-
ers or apoptotic machinery) [37,38] or to an improvement of
DNA maintenance or damage avoidance/detoxification pathways
activated by mild mitochondrial stress. The core apoptotic machin-
ery in physiological conditions is executed by the consecutive roles
of CED-9/BCL2 (anti-apoptotic), CED-4/APAF1, and CED-3/CASPASE
(pro-apoptotic proteins). In response to DNA damage, CED-9 is
inactivated by the cep-1 transcriptional induction of EGL-1 and
CED-13, two BH3-only pro-apoptotic proteins. The recognition and

© 2018 The Authors
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Figure 1. Pro-longevity mitochondrial stress reduces germ-cell proliferation and apoptosis in basal conditions.
A, B Quantification of mitotic (A) and meiotic (B) cells in the distal germline in wild-type animals fed bacteria transformed with either empty-vector (con) or vector-

expressing dsRNA against frh-1 (frh-1) or isp-1 (isp-1).

C-E Quantification of dissected distal germline from wild-type animal stained either anti-phosphohistone H3 (anti-PH3) (C), anti-CDK-1 (anti-CDK-1) (D), or 5-ethynyl-
2'-deoxyuridine (EdU—green) (E) relative to the total number of mitotic cells of wild-type animal.

F Average number of apoptotic corpses in the meiotic compartment relative to the total number of meiotic cells in wild-type worms fed as in (A).

Data information: Data are presented as mean 4 SEM (A, B, F) or as mean =+ SD (C-E). (A) N = 3 at least five worms per replicate and condition, (B) N = 3 at least 10

worms for condition (C-E) N = 2 at least five worms per replicate and condition, (F) N = 5 at least 10 worms per replicate and condition. *P < 0.05 and ****P < 0.0001

versus con (one-way ANOVA Tukey’s multiple comparisons test).

final removal of the apoptotic corpses are then mediated by the
transmembrane receptor CED-1. We thus assessed whether mito-
chondrial stress delays or compromises the apoptotic machinery.
Time-course experiments clearly revealed that the apoptotic
program is not simply delayed. Indeed, as expected, the number of
apoptotic cells progressively increased at 12, 24, and 36 h after UVB
treatment in wild-type young adults (24 h after L4 stage). However,
upon frh-1 and isp-1 RNAi the number of apoptotic cells did not
increase at any observed time point neither under physiological
conditions nor in response to DNA damage (Fig 3A and B). The ced-
1(e1735) engulfment mutant strain greatly facilitates the visualiza-
tion of accumulating corpses. In support of an intact physiological
apoptotic machinery, we found that apoptotic corpses accumulated
normally in frh-1 and isp-1 RNAi-depleted ced-1(el1735) mutants,
either during animal development or in the germline (Fig EV1D and
E), thus also excluding that faster clearance could be the cause of
reduced number of corpses. CED-9 represents a central regulator of

© 2018 The Authors

the apoptotic machinery in both basal and DNA damage-induced
conditions. We observed that ced-9(n1653ts) loss-of-function
mutants (which compared to a wild-type strain display an increased
number of apoptotic corpses under physiological conditions)
completely rescued the reduced physiological and DNA damage-
induced apoptosis of isp-1 and frh-1 RNAi animals (Fig EV1F), a
further indication that the apoptotic machinery at least downstream
of ced-9 is not impaired in response to mitochondrial stress. We then
addressed whether the DNA-damage checkpoint activation upstream
of ced-9 is functional by quantifying the transcript levels of the two
cep-1 pro-apoptotic BH3 target genes in response to genotoxic stress.
The expression of egl-1 and ced-13 was significantly induced in
response to ionizing irradiation and UVB in both control and mito-
chondrial-stressed animals (Fig 3C-F), thus also revealing an intact
cep-1-checkpoint activation.

Taken together, data shown so far indicate that pro-longevity
mitochondrial stress reduces physiological and genotoxic stress-induced

EMBO reports 19: e45856 2018 3 of 17
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Figure 2. Mitochondrial stress protects against DNA damage-induced apoptosis.

A-D Quantification of apoptotic corpse in the meiotic compartment of CED-1:GFP (A, B, D) or wild-type strains (C) relative to the total number of meiotic cells, fed
bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 or isp-1 and left untreated or treated with gamma radiation 125 Gy

(A), LVC 400 J/m? (B), different doses of UVB (C), and 100 puM cisplatin.

Data information: Data are presented as mean + SEM. For each panel at least N = 3 and 10 worms for replicate and condition. *P < 0.05, ***P < 0.001 and
**kkp < 00001 versus untreated; *P < 0.05, ##P < 0.01, ###p < 0.001 and *###p < 0.0001 versus con. Not significant if nothing is specified. Two-way ANOVA Tukey’s

multiple comparisons test.

apoptosis without affecting neither the apoptotic machinery itself
nor the DNA-damage checkpoint, thus most likely interfering with
the upstream signaling required to recognize or repair the damage.
Consistent with this scenario, we observed that, compared to wild-
type animals, frh-1- and isp-1-silenced animals displayed reduced
germline staining of the DNA-damage sensor PARP-1 under
physiological conditions and an increased number of ionizing radia-
tion-induced foci positive for replication protein A (RPA-1) and
RAD-51, proteins that aid DNA-damage recognition and repair
(Fig 4A and B). Of note, we found that the germ cells of frh-1- and
isp-1-depleted animals were significantly resistant to radiation-
induced arrest. Indeed, while UVB and gamma radiation reduced
the number of mitotic cells in wild-type animals as expected, this
reduction was only marginal or absent in response to frh-1 or isp-1
RNAI, respectively (Fig 4C and D). The ability to bypass a transient
arrest in the germline of mitochondrial-perturbed animals was also
reflected by the effect of frh-1 and isp-1 silencing to prevent
p-histone-H3 reduction and CDK-1 increase upon gamma radiation
as compared to their effect in control animals (Figs 5A and B, and
EVSD and E). Interestingly, and as opposed to DNA-damage repair

4 of 17 EMBO reports  19: e45856 | 2018

mutants [39], whereas different types of genotoxic stress signifi-
cantly reduced fecundity and fertility in wild-type animals, these
were not as dramatically affected in frh-1- and isp-I-depleted
animals (Fig SC-H). These observations are in line with the notion
that long-lived mutants are generally more resistant to different
types of stressors and indicate that moderate mitochondrial distur-
bance increases resistance to radiation-induced germ-cell arrest and
apoptosis possibly by promoting avoidance or detoxification/repair
mechanisms in response to low level of transient replication stress
or DNA damage. These mechanisms would, in turn, as opposed to
DDR mutants, improve DNA maintenance and help animals cope
with extrinsic genotoxic insults.

BRC-1/BRD-1 mediates the anti-apoptotic effect elicited by
mitochondrial stress

To address this possibility, we carried out a small-scale genetic
screen with the isp-1(qm150); gst-4p::gfp strain. Indeed, we have
previously shown that the induction of the glutathione-S-transferase
is an indirect readout for the activation of compensatory DNA-damage

© 2018 The Authors
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A B Time-course quantification of apoptotic corpses relative to the total number of meiotic cells from wild-type animals fed bacteria transformed with either vector-
expressing dsRNA against gfp (con) or frh-1 (A) or isp-1 (B), and left untreated or exposed to 1,200 J/m? UVB. Apoptotic cells were counted 12, 24, and 36 h after

Eexposure.

C-F Real-time PCR gene expression analysis of egl-1 (C-D) and ced-13 (E-F) genes, performed in wild-type animals fed bacteria transformed with either empty-vector
(con) or with vector-expressing dsRNA against frh-1 or isp-1 and left untreated or treated with gamma radiation (C, E) or with UVB (D, F).

Data information: Data are presented as mean &+ SEM, N = 3 (A, B) N = 2 (C, E), N = 4 (D, F). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus untreated;

#p < 0,05 and *#P < 0.01 versus con. Not significant if nothing is specified. Two-way ANOVA Tukey’s multiple comparisons test.

detoxification systems [40] and that Mit RNAI increases its expres-
sion, which is further induced by the lack of cep-1 (the C. elegans
p53 homolog) that concurrently suppresses isp-1(gm150) and Mit
RNAIi longevity [7,17,41]. Accordingly, we now crossed the isp-1
(@gm150); gst-4p::gfp strain with the cep-1(gk138) loss-of-function

© 2018 The Authors

allele and observed that the gst-4 expression was further induced by
the lack of cep-I in both wild-type and isp-I mutant animals
(Fig EV2A). We thus exploited the isp-1(gm150); gst-4p::gfp along
with its wild-type control strain, gst-4p::gfp, to screen ~250 RNAIi
clones against genes directly or indirectly involved in DNA

EMBO reports 19: e45856 2018 5 of 17
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Figure 4. Mitochondrial-stressed animals overcome DNA-damage checkpoint.

A B

Representative fluorescence pictures and quantification (below the fluorescence pictures) of dissected adult gonads relative to the number of mitotic cells from

wild-type animals fed bacteria transformed with either vector-expressing dsRNA against gfp (con) or frh-1 and stained with DAPI (blue) and either anti-PARP-1
(red) (A) or anti-RPA-1 (green) and anti-RAD-51 (red) antibodies and treated with gamma radiation (125 Gy) (B) (untreated animals displayed no staining of RPA-1

and RAD-51, not shown). Scale bar: 20 pum (A), 15 pum (B)
C, D

Quantification of mitotic cells in wild-type animals fed as (A) and left untreated or treated with gamma radiation 125 Gy (D) or with 1,200 J/m? UVB (E).

Data information: Data are presented as mean =+ SD. For each panel N = 2, 8-10 worms per replicate and condition.

damage, repair, cell cycle, and chromatin organization (Fig EV2B;
Appendix Table S1), to identify DNA protective genes promoted by
pro-longevity mitochondrial stress. Different RNAi clones affected
one of the observed phenotypes (viability, development, fertility, or
gst-4 expression) in both isp-1(gm150) and wild-type animals, and
only a few uniquely affected isp-1(gm150) mutants either after one
or two generations of feeding (Appendix Table S1 and S2). The iden-
tified clones did not similarly alter the different isp-1 phenotypes,
and the induction of the gst-4 did not necessarily correlate with the
alteration of a specific phenotypic change, implicating different
molecular mechanisms in the regulation of fertility, development,
and stress response of this long-lived mutant. Interestingly, while
only a handful of clones rescued isp-1-delayed behaviors (develop-
ment and/or egg lay rate) (e.g., xpg-1, mms-19, rad-54), the majority
of them were actually synthetic lethal, leading to isp-I-arrested
development (Appendix Table S2), thus revealing a central

6 of 17 EMBO reports  19: e45856 | 2018

requirement for genome maintenance pathways in mediating the
protective cellular responses activated by mitochondrial stress.

We then turned to our screening results to identify a possible
mediator of Mit mutants’ resistance to genotoxic insults. Data
shown so far are consistent with the possibility that the apoptotic
block in response to mitochondrial stress resides between DNA-
damage sensing and complete checkpoint activation. Thus, we
decided to focus on bre-1 and its partner gene brd-1, the orthologs
of human BRCAI (the gene mutated in early-onset breast and ovar-
ian cancers) and BRCAI-associating protein BARDI, respectively,
which are required for a complete resolution of the checkpoint acti-
vation upon DNA damage-induced homologous recombination [42].
Silencing of brc-1 consistently arrested development and increased
gst-4 expression only in isp-1(gm150), while brd-1 silencing had a
less consistent lethal effect (Appendix Table S2). Although we could
not reveal BRC-1 in total protein extracts from wild-type worms,

© 2018 The Authors
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Figure 5. Moderate mitochondrial stress promotes DNA-damage protective responses.

A, B Quantification to the number of mitotic cells of dissected gonads from wild-type animals stained with either anti-phosphohistone H3 (anti-PH3) (A), anti-CDK-1
(CDK-1) (B) transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1) or isp-1 (isp-1) and treated with gamma radiation 125 Gy.
Quantification is expressed as fold changes of positive-stained cells treated over the positive untreated cells.

C-H Fertility (C-E) and fecundity (F-H) quantification of wild-type strain fed bacteria transformed with either empty-vector (con) or with vector-expressing dsRNA
against frh-1 or isp-1, and left untreated or treated with gamma radiation (C, F), UVB (D, G), or hydroxyurea (E, H) at the indicated doses.

Data information: Data are presented as mean =+ SD (A, B) or as mean + SEM (C-H). N = 2 (A, B), N = 3 (C-H) *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
versus untreated; #P < 0.05, ##P < 0.01, *##P < 0.001 and *###p < 0.0001 versus con. Not significant if nothing is specified. One-way ANOVA Tukey’s multiple

comparisons test (A, B); two-way ANOVA Tukey’s multiple comparisons test (C—H).

there was a trend toward increased BRD-1 protein expression upon
frh-1 and isp-1 RNAI, while gene expression analysis revealed an
increase in bre-1 following frh-1 RNAI (Fig 6A and EV2C). Interest-
ingly, while bre-1(tm1145) and brd-1(gk297) mutants did not affect
the number of mitotic cells in frh-1 or isp-I RNAi animals (Fig 6B),
they completely prevented their ability to reduce apoptosis (Fig 6C).
Of note, lack of bre-1 or brd-1, which as expected increases the
sensitivity to IR-induced germline apoptosis [42], also significantly
increased the sensitivity of frh-1 and isp-I RNAi animals to radia-
tion-induced germ-cell apoptosis (Fig 6D). Yet, interestingly, mito-
chondrial disturbance still partially suppressed the high number of
apoptotic cells in brd-1 and brc-1 mutants in response to IR (Figs 6D
and EV2D) and isp-I RNAI could still protect brc-1 mutants against
UVB-induced apoptosis (Fig EV2E), suggesting the activation of

© 2018 The Authors

BRC/BRD-independent protective pathways [23]. In support of this
possibility, we observed that, similar to the effect on wild-type
animals, frh-1 and isp-1 RNAI also significantly prevented the drop
in fertility induced by genotoxic stress in the brc-1 and brd-1
mutants (Fig EV3A and B) and partially rescued their embryonic
lethality (Fig EV3C and D). Taken together, these results indicate
that mitochondrial stress can induce both BRC/BRD-dependent and
independent pathways regulating different DNA-damage responses.

Germline resistance to apoptosis is not involved in mitochondrial
stress extension of lifespan

We then wondered whether germline resistance to apoptosis is
causally involved in the lifespan extension elicited by isp-1 and
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Figure 6. BRC-1/BRD-1-dependent and BRC-1/BRD-1-independent germline responses to mitochondrial stress.

A Quantification of BRD-1 protein and representative Western blot from wild-type worms fed bacteria transformed with either empty-vector (con) or with vector-

expressing dsRNA against frh-1 or isp-1.

B Quantification of mitotic nuclei in single gonad arm of wild-type (WT), brc-1(tm1145), and brd-1(gk297) strains fed as in (A).
C, D Quantification of apoptotic corpse in wild-type (WT), brc-1(tm1145), and brd-1(gk297) strains fed as in (A) and left untreated (C) or treated with ionizing radiation

125 Gy (IR) (D). Bar graphs are mean + SEM.

Data information: Data are presented as mean + SD N = 2 (A, B) or mean £+ SEM N = 4 (C, D), 8-10 worms per replicate and condition, *P < 0.05, ***P < 0.001, and
***%p < 00001 versus untreated; *##P < 0.001 and #*###p < 0.0001 versus con. Not significant if nothing is specified. Two-way ANOVA Tukey’s multiple comparisons

test (C-D).

frh-1 silencing. To this end, we assessed the lifespan of ced-9
(n1653ts), brc-1(tm1145), and brd-1(gk297) single mutants, which
restored germ-cell apoptosis in response to mitochondrial stress,
in control and mitochondrially disturbed animals. We found that
ced-9 loss of function significantly reduced lifespan in control
animals as well as upon mitochondrial stress, bringing frh-1 and
isp-1 RNAIi lifespan back to wild-type levels, yet both frh-1 and
isp-1 RNAi still significantly extended ced-9 lifespan indicating
ced-9 only partially mediates their pro-longevity effect (Fig 7A;
Table 1). The lifespan of brc-1 and brd-1 mutants was instead
indistinguishable from that of wild-type animals, and, somewhat
to our surprise, while brc-1 and brd-1 mutants significantly short-
ened and extended lifespan of frh-1-depleted animals, respec-
tively, they did not affect the longevity of isp-I RNAi (Fig 7B
and C; Table 1). The partial effect of loss of ced-9 and the dif-
ferent effects of loss of brc-1 or brd-1 on frh-1- and isp-1-RNAi
lifespans suggest that germline resistance to apoptosis is not
causally involved in mitochondrial stress extension of lifespan. In
support of a germline-independent pro-longevity effect, we also
found that isp-1 silencing can extend lifespan in germline-less
strains (Fig 7D and E; Table 1). Moreover, we observed that the
longevity of isp-1 or frh-1 RNAI animals was not abrogated by
lack of most tested DNA maintenance genes that affected isp-1
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mutant phenotypes (Fig EV4; Table 1) and that, contrary to their
germline resistance to genotoxic stress, it was instead also nega-
tively affected by UVB radiation, similarly to control animals.
Specifically, the lifespan of control, isp-1, and frh-1 RNAIi animals
treated as adults (1 day fertile) with 600-1,200-2,400 J/m?> UVB
was significantly shortened in a dose-dependent manner (Fig 7F-H;
Table 1).

To further investigate systemic versus germline-specific effects
elicited by mitochondrial stress, we finally assessed lifespan and
radiation-induced apoptosis upon isp-1 silencing only in the
germline or in the soma. Interestingly, germline-specific isp-I
RNAI still extended lifespan but not as much as in wild-type
animals, while soma-specific RNAi actually curtailed lifespan
(Fig 8A; Table 1) and did not reduce the size of isp-I RNAi-
treated worms (Fig EVSF). On the other hand, unexpectedly, isp-
1 RNAI only in the germline did not protect against UVB-induced
apoptosis, while soma-specific RNAi did it (Fig 8B). Altogether,
our study indicates that in the C. elegans germline, the activation
of the DDR following mitochondrial stress is a process uncoupled
from the ones involved in animals longevity. Moreover, while
upon MRC dysfunction a signal from the soma is required to
promote germline protection against genotoxic stress, a pro-long-
evity signal from the soma and a lifespan-limiting signal from

© 2018 The Authors
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BRC-1 and BRD-1 do not mediate mitochondrial stress extension of lifespan.

A-E Kaplan—Meier survival curves of wild-type (WT) and ced-9(n1653ts) (A), brc-1(tm1145) (B), brd-1(gk297) (C), glp-1(e2141) (D), glp4(bn2) (E), strains fed bacteria
transformed with either empty-vector (con) or with vector-expressing dsRNA against frh-1 or isp-1.

F,G

Kaplan—Meier survival curves of wild-type animals fed bacteria transformed with either empty-vector (con) or with vector-expressing dsRNA against isp-1 (F) or

isp-1 (G) and left untreated or treated with 600, 1,200, or 2,400 J/m? UVB. Comparison between curves was done using the log-rank test, and the summary of the

statistic is reported in Table 1.

the germline cooperate for Mit mutants’
(Fig 8C and D).

lifespan extension

Discussion

In this study, we have shown for the first time that germline and
somatic features in long-lived mitochondrial-perturbed animals are

© 2018 The Authors

mechanistically uncoupled. We observed that moderate mitochon-
drial stress reduces physiological germ-cell proliferation and apopto-
sis and provides germline protection against DNA damage-induced
apoptosis, cell cycle arrest, and fertility drop. Most notably, we
have identified BRC-1 and BRD-1 tumor suppressor genes as
mediators of the anti-apoptotic effects against IR but not UVB, and
not of animal’s fertility or longevity, suggesting different
mechanisms indeed mediate MRC dysfunction-associated phenotypes.
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Table 1. Summary and statistical analysis of survival assays.
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Mean P versus P versus Sample
Genotype RNAI Treatment lifespan SE con/untreated wt size Censor
Fig 7 Wild-type N2 con 19.0 03 320 31
frh-1 24.6 0.5 <0.0001 320 86
isp-1 30.1 0.5 <0.0001 240 23
ced-9(n1950) con 16.5 0.4 0.0002 220 71
frh-1 196 0.5 <0.0001 <0.0001 220 113
isp-1 251 0.8 <0.0001 <0.0001 160 75
brc-1(tm1145) con 195 03 NS 301 45
frh-1 226 0.4 <0.0001 0.0012 297 111
isp-1 314 0.8 <0.0001 NS 160 27
brd-1(gk297) con 18.4 03 NS 300 58
frh-1 296 05 <0.0001 <0.0001 300 107
isp-1 334 0.8 <0.0001 0.0073 160 17
Wild-type N2 con 153 03 140 16
(25°C) isp-1 27.0 11 <0.0001 140 21
glp-4(bn2) con 199 05 <0.0001 140 6
(25°C) isp-1 423 12 <0.0001 <0.0001 140 8
Wild-type N2 con 151 03 120 14
(25°0) isp-1 28.8 1.0 <0.0001 120 26
glp-1(e2141) con 14.4 06 NS 120 36
(25°Q) isp-1 349 09 <0.0001 0.0003 120 8
Wild-type N2 con Untreated 228 0.4 160 18
con 600 )/m? 213 05 NS 165 10
con 1,200 J/rn2 211 0.4 NS 165 14
con 2,400 J/m? 1838 03 NS 160 29
frh-1 Untreated 27.4 0.6 <0.0001 160 39
frh-1 600 )/m? 237 0.6 0.0002 0.001 158 20
frh-1 1,200 J/mz 22.5 0.6 <0.0001 NS 150 15
frh-1 2,400 J/m2 16.8 03 NS 0.0002 146 21
con Untreated 216 0.4 155 23
con 600 J/m2 20.7 0.4 NS 156 23
con 1,200 J/m2 20.4 0.5 NS 155 26
con 2,400 J/m? 19.4 0.4 NS 155 35
isp-1 Untreated 334 0.6 <0.0001 155 28
isp-1 600 J/m2 29.2 0.6 0.0001 <0.0001 155 26
isp-1 1,200 J/m? 261 06 <0.0001 <0.0001 147 31
isp-1 2,400 J/m? 202 0.4 <0.0001 NS 153 24
Fig 8 Wild-type N2 con 19.7 0.4 205 17
isp-1 236 0.4 <0.0001 198 9
rff-1(pl1417) con 185 0.4 NS 205 7
isp-1 20.5 0.4 0.003 <0.0001 206 10
ppw-1(pk2505) con 245 05 <0.0001 207 73
isp-1 20.8 0.6 <0.0001 0.002 202 148
Fig EV4 Wild-type N2 con 19.0 03 320 31
frh-1 24.6 0.5 <0.0001 320 86
10 of 17 EMBO reports  19: e45856 | 2018 © 2018 The Authors
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Table 1 (continued)
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Mean P versus P versus Sample
Genotype RNAi Treatment lifespan SE con/untreated wt size Censor
isp-1 301 0.5 <0.0001 240 23
ndx-4(ok1003) con 175 0.4 <0.0001 139 15
frh-1 25.7 0.7 <0.0001 NS 137 42
isp-1 30.8 18 <0.0001 0.0001 67 14
nth-1(ok724) con 19.7 0.4 NS 139 34
frh-1 28.0 0.7 <0.0001 0.0008 140 32
isp-1 325 2.4 <0.0001 <0.0001 69 21
ung-1(qa7600) con 213 0.4 0.0004 140 15
frh-1 247 0.7 <0.0001 NS 140 40
isp-1 317 14 <0.0001 0.0396 70 13
xpa-1(ok698) con 189 0.4 NS 140 16
frh-1 23.8 0.6 <0.0001 NS 137 14
isp-1 245 21 <0.0001 <0.0001 70 30
Wild-type N2 con 16.7 0.4 140 9
frh-1 239 0.7 <0.0001 136 26
nTl con 19.2 0.7 0.0025 138 17
frh-1 239 0.6 0.0003 NS 135 20
atl-1(tm853) con 131 0.4 <0.0001 140 53
frh-1 133 03 NS <0.0001 146 55

In previous studies, we showed that reduced frataxin expression
sensitizes mammalian cells to mitochondrial stress-induced apopto-
sis [43], indicating cells are unable to cope with additional mito-
chondrial stress, yet similar to partial frataxin depletion in worms,
also mammalian cells clearly try to survive by activating protecting
pathways such as autophagy or mitophagy [14,44]. In this context,
the induction of specific DNA-damage protective and detoxification
pathways can be seen as part of a hormetic response to moderate
mitochondrial stress, which activates damage specific responses in a
cell-non-autonomous manner, while other Mit phenotypes being
concurrently mediated by alternative protective mechanisms (e.g.,
autophagy [14,44] or other DDR [17,23] and Borror et al, under
revision). Consistent with this scenario, proliferating germ cells may
specifically activate brc-1/brd-1-mediated repair in response to low
levels of mitochondrial stress-induced DNA damage or replication
stress. Yet, in the absence of these two genes, germ cells may
attempt to repair DNA by activating non-homologous end-joining
leading to increased lethality and cell death, thus suppressing the
apoptotic protection elicited by reduced mitochondrial function.
Accordingly, the observed unchanged apoptotic resistance of frh-1-
and isp-1-depleted animals to cisplatin compared to other genotoxic
insults could be explained by the presence of low level of mitochon-
drial stress-induced double-strand breaks, as it has been shown that
cisplatinated DNA affects DNA repair [45]. Alternatively, the unal-
tered response to cisplatin-induced apoptosis could be ascribed by
mitochondrial dysfunction inducing an hypoxia-like state [44],
which were shown to enhance cisplatin pro-apoptotic effect [46].
Although in a different study we could not observe any obvious sign
of DNA damage in response to mild mitochondrial stress (Borror
et al, under revision), low levels of undetectable DNA damage or

© 2018 The Authors

replication stress could be caused by transient increase in reactive
oxygen species (ROS) production during the period of germline
expansion and/or as a consequence of the observed reduced PARP1
recruitment (Fig 4) due to NAD " /NADH ratio imbalance [28,47].
ROS scavengers indeed prevent the lifespan extension elicited by
MRC dysfunction [48], and a similar suppressive effect would be
expected with NAD supplementation—as opposed to its lifespan-
extending effects in wild-type animals [49] or in DNA-damage repair
mutants [50] where the primary NAD defect could be instead
ascribed to PARP overactivation. As an alternative to DNA damage,
DDR could be induced by changes in chromatin structure [51],
which have been also implicated in mitochondrial stress control of
longevity [30,52]. Furthermore, in yeast, mitochondrial dysfunction
leads to DDR activation via defective iron-sulfur cluster (ISC)
biogenesis [53,54]. Different DNA repair genes which we found to
mediate isp-I mutants phenotypes (e.g., DNA-glycosylases, heli-
cases, nucleases [55-57]) rely on ISC, whose biogenesis is impaired
by frataxin depletion [58,59] and could be similarly affected upon
suppression of ISP-1, an ISC protein itself. Additional studies will be
thus required to understand whether in C. elegans the protective
germline DDR is uniquely induced by isp-1 and frh-1 depletion or
whether it could be more generally triggered, and by which cell
non-autonomous signals, following different types of mitochondrial
stress. It will be also interesting to identify genes required upon
mitochondrial stress to protect against different pro-apoptotic
agents.

Our study also points to BRC/BRD-independent mechanisms
regulating fertility and longevity in response to mitochondrial stress.
Since an iron-starvation response mediates frataxin-depleted animal
longevity [44], reduced cell proliferation due to iron depletion
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Figure 8. Mitochondrial stress mediates germline apoptosis and lifespan
through different cell non-autonomous mechanisms.

A Kaplan—Meier survival curves of wild-type (WT) and, rrf-1(pk1417), ppw-1
(pk2505) strains fed bacteria transformed with either empty-vector (con) or
with vector-expressing dsRNA against isp-1. Comparison between curves
was done using the log-rank test, and the summary of the statistic is
reported in Table 1.

B Quantification of apoptotic corpses in wild-type (WT) and rrf-1(pk1417), ppw-
1(pk2505) strains fed as (A) and left untreated or treated with 600 )/m? UVB.

C In the wild-type animals, under normal conditions a signal from the
germline limits lifespan.

D Systemic mitochondrial stress concurrently triggers a pro-longevity signal
from the soma (independent from the germline) and a cell-autonomous
germline signal partially inhibiting the limiting signal from the gonad,
ultimately resulting in significant lifespan extension in the wild-type and
further extending lifespan in germline-less strains. Moreover, it induces a
soma-to-germline signal that protects against IR-induced apoptosis in a
brc-1/brd-1-dependent manner. In a germline-competent strain, somatic
isp-1 RNAi would only trigger the pro-longevity signal in the soma, which
in the presence of the lifespan-limiting effects from the germline turns into
detrimental effects on lifespan. When isp-1 is instead only silenced in the
germline, the anti-apoptotic effect is lost, while the absence of the pro-
longevity signal from the soma and the partial suppression of the limiting
signal in the germline would result in lifespan-extending effects, yet
reduced compared to systemic MRC stress.

Data information: (B) Data are presented as mean 4 SEM, N = 3, 9-10 worms
per replicate and condition **P < 0.01 versus con; ##P < 0.01 versus WT;

°9°p < 0.00 and °°°°P < 0.0001 versus untreated. Not significant if nothing is
specified. Two-way ANOVA Tukey’s multiple comparisons test.

12 of 17 EMBO reports  19: e45856 | 2018

Mild MRC dysfunction prevents apoptosis  Alessandro Torgounick et al

[60-62] is likely the cause of Mit mutants altered fertility and
smaller germline, two parameters which clearly reflect defective
regulation of gonad formation. Thus, reduced germ-cell proliferation
during larval development, a critical stage for the specification of
Mit mutants’ longevity [36,63], may be either associated with or
causally involved in lifespan extension in response to mitochondrial
stress. In support of a causal connection between reduced germ-cell
proliferation and lifespan extension is the number of mitotic and
meiotic genes required for isp-I mutants’ longevity [23] and the
tight crosstalk between cell proliferation and autophagy that could
in turn modulate lifespan in response to mitochondrial stress [64—
67]. Our data with the germline-less mutants and tissue-specific
RNAI revealed a complex crosstalk between soma and the germline
in the specification of isp-1 longevity, thus opening the interesting
possibility for a role of mitotic and meiotic regulatory genes on
somatic maintenance and lifespan independent of their classical role
in cell cycle regulation. While results from our screening unambigu-
ously indicate a central role for DNA maintenance and detoxification
genes in mediating isp-1 survival, additional work is clearly required
to identify those specifying longevity. Of special interest could be
genes involved in nucleotide excision repair or suppressors of the
isp-1 developmental delay (such as csb-1 or atl-1, Appendix Table S1;
Fig EV4 and Borror et al, under revision). These genes could be trig-
gered in a tissue-specific manner depending on the degree of MRC
dysfunction in turn being more relevant for somatic maintenance
and aging. One such gene, cep-1, which in the past we identified as
suppressor of both lifespan extension and developmental delay
upon moderate and severe mitochondrial dysfunction, respectively,
is also up-regulated in frataxin-deficient cells [68]. However, here
we find that the cep-I-dependent checkpoint is not affected by frh-1
or isp-1 silencing, indicating that cep-1/p53-regulated processes
other than apoptosis or cell cycle arrest are activated in a tissue-
specific manner in response to MRC dysfunction to extend lifespan.
Obvious candidates would be autophagy [14], metabolic pathways,
or cep-1 functions related to other p53 family members, p63 and p73
(stress response, development, and differentiation [69,70]). Consid-
ering the heterogeneity of symptoms associated with the presenta-
tion of the different human mitochondrial disorders, tissue-specific
responses triggered upon MRC dysfunction may point toward novel
potential pathogenic mechanisms and targeted therapeutic approaches
for this wide class of diseases, which to date have no effective cure.
Contrasting findings were previously reported on physiological
germline apoptosis in the long-lived isp-1(qm150) Mit mutant
[18,71]. This discrepancy is most likely ascribed to the different
techniques used to score the very low numbers of apoptotic corpses
under physiological conditions, as we also obtained non-identical
results in basal conditions using different assays. Nonetheless,
moderate RNAi-mediated mitochondrial stress consistently and
significantly suppressed genotoxic stress-induced apoptosis in a
time- and dose-dependent manner. Lack of the anti-apoptotic ced-9
gene clearly affects both germ-cell apoptosis and lifespan extension
upon mitochondrial stress, while loss of brc-1 and brd-1 impinged
on apoptosis but inconsistently affected animal longevity. These
results are in agreement with previous reports showing that lack of
another apoptosis-regulatory gene, egl-1, does not mediate Mit
mutants’ lifespan extension [7,23] and indicate that apoptosis resis-
tance is not required per se for animal longevity. Thus, ced-9 might
regulate longevity through apoptosis- or germline-independent
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functions. Besides its classical role as an anti-apoptotic protein, the
mammalian CED-9 ortholog BCL-2 and its family members play a
role in several other important biological processes as diverse as
mitochondrial physiology (e.g., mitophagy, morphology, metabo-
lism), nuclear functions (e.g., cell cycle, DNA repair), and cell home-
ostasis (e.g., autophagy, lipid metabolism) [72], which interestingly
have been all associated and/or causally involved in Mit mutants
longevity [14,23,24]. In C. elegans, autophagy is induced as a protec-
tive mechanism against mitochondrial stress [14,44] and to counter-
act embryonic lethality and apoptosis in different contexts [73,74].
Therefore, ced-9-regulation of autophagy may help revealing further
insight into its role in Mit mutants’ control of DDR and longevity.
Moreover, whether and how ced-9 cooperates with bre-1 and brd-1 to
modulate germline cell death processes upon mitochondrial stress
remain to be investigated. Interestingly, mammalian BRCA1 and
BARD1 were shown to interact with Bcl2 and mitochondria in turn
regulating responses to DNA-damaging agents [75-77].

The induction of a hormetic protective response to mitochondrial
perturbation is a common feature of both RNAi- and genetic-derived
Mit mutants, which include their increased resistance to stress and
altered neuronal functionality [13,78-80] as well as the induction of
similar DDR regulatory genes and the requirement of CEP-1/p53 for
their lifespan extension [7,17,18,23]. Yet, RNAi- and genetic-derived
Mit mutants also differ under some extent such as developmental rate
[36,81], content of ROS [36,82], and requirement of AMP kinases for
their lifespan extension [7,26]. Our study brings further evidence to
this scenario. On the one hand, we observed that similar to the isp-1
genetic mutant [71] also isp-I RNAi-depleted animal has a reduced
number of mitotic germ cells. On the other hand, we show that while
survival of isp-1 genetic mutants is affected by silencing of DNA-
maintenance genes, isp-1 (and frh-1) RNAI animals were still able to
extend lifespan in knockout strains for some of the same DDR genes.
These differences could either reflect the efficiency in gene knock-
down versus knockout or acute versus chronic habituation to stress
(mitochondrial or genotoxic) or most likely indicate that RNAi- and
genetic-mediated Mit phenotypes are in part specified by different
underlying molecular mechanisms. Regardless, together with previ-
ous findings showing that DDR genes mediate Mit mutants longevity
[7,17,18,23] and that DDR mutants have altered mitochondrial
metabolism [40,50,83-85], our data reinforce the notion that a tight
crosstalk exists between mitochondria and the nucleus, which must
be preserved and finely regulated to sustain organismal fitness. In
conclusion, we showed that in animals with reduced mitochondrial
activity, the mechanisms activated to safeguard germ cells against
genotoxic stress are uncoupled from those required for somatic
fitness, a very likely process from an evolutionarily point of view.

Materials and Methods
Nematode strains

All strains were cultured according to standard conditions. Strains
utilized were as follows: N2 (wild-type), MQ887 [isp-1(qm150) 1V],
CL2166 [dvIs19[pAF15(gst-4::gfp::NLS)] III], CB3203 [ced-1(el735)
1], DW102 [brc-1(tm1145)], RB1209 [bre-1(ok1261) 11I], DW103
[brd-1(dw1)], RB1426 [brd-1(ok1623) 11I], VC655 [brd-1(gk297) 111],
and ced-9(n1653ts) (kind gift from A. Gartner Lab). MD701 [lim-7p::
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ced-1::GFP +1in-15(+)], RB1054 [ndx-4(0ok1003)], RB877 [nth-1
(0k724)], [ung-1(qa7600)], RB864 [xpa-1(0k698)], NL2550 [(ppw-1
(pk2505)], NL2098 rrf-1(pk1417), MQ887 previously crossed with
CL2166 to obtain TJ564 [isp-1(gm150); pAF15(gst-4p::gfp::NLS)],
was used, together with its respective control, for the RNAI screen-
ing. TJ564 was further crossed with cep-1(gk138) (outcrossed 10x)
to obtain NV7 [gst-4p::gfp::NLS; isp-1(gm150)], NV11 [gst-4p::gfp::
NLS], NV10 [gst-4p::gfp::NLS; cep-1(gk138)], and NV15 [gst4p::gfp;
isp-1(qm150); cep-1(gk138)].

Feeding RNAi

RNAI feeding techniques was performed as we previously described
[7]. In all the experiments present in this study, animals were fed
for three consecutive generations with bacteria expressing frh-11V
dsRNA, which target the entire frh-1 CDS [14]. isp-1 RNAi was used
at the final concentration of 1:15 [36].

Lifespan and statistical analysis

Survival curves and statistical analyses were carried out as we previ-
ously described [44]. Briefly, survival analysis of all lifespan experi-
ments started from hatching and was scored at 20°C using
synchronous populations of 60-80 animals per curve unless other-
wise indicated. Animals were scored as dead or alive and transferred
every day on fresh plates during the fertile period, and then every
other day until death. Worms were considered dead when they stop
pharyngeal pumping and responding to touch. Worms that die
because of internal bagging, desiccation due to crawling on the edge
of the plates, or gonad extrusion were scored as censored and
included in the statistical analysis until the day of censoring. Data
from survival assays are summarized in Table 1. Figures display
survival curves of pooled populations utilized for statistical analysis.

Western blotting

Western blot experiments and analysis were performed as previ-
ously described [14]. Anti BRD-1 antibody was kindly provided by
Simon Boulton [42]. Anti-Tub 1:20,000 (DM1A) (#T9026 Sigma).

Quantification of mitotic germ cells

Mitotic germ-cell nuclei were counted, 24 h after the L4 larval stage,
in isolated adult germlines stained with the DNA-intercalating dye
4’,6-diamidino-2-phenylindole (DAPI). The mitotic zone extends
from the distal tip of the gonad arm and continues until the appear-
ance of nuclei with crescent-shape DNA morphology, characteristic
of leptotene/zygotene (transition zone) germ cells as defined previ-
ously [86]. Differential interference contrast (DIC) microscopy
(Zeiss Axio Imager M1—Carl Zeiss, Inc.) was used to estimate size
of mitotic region by counting nuclei on each focal plane.

5-Ethynyl-2'-deoxyuridine (EdU) labeling and staining

EdU labeling and detection were made as previously described [87].
MG1693 bacteria that incorporated 5-ethynyl-2-deoxyuridine (EdU,
Invitrogen) were seeded on plates 1 day before the experiment. EQU
was used at the final concentration of 10 uM. Synchronized
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animals, 24 h after the L4 larval stage, were transferred on plates
containing EAU for 1 h before transferring them back to normal
NGM plates. Dissection of gonads was done at 0 and 24 h directly
after labeling, and EdU detection was performed using Click-IT EQU
Alexa Fluor-555 labeling kit (Invitrogen). All samples were analyzed
using a PerkinElmer spinning disk confocal microscope and Volocity
imaging software. EdU-positive nuclei were scored throughout the
proliferative zone by assaying multiple focal planes.

Quantification of germ-cell apoptosis

Apoptotic germ-cell corpses in the meiotic prophase region of adult
hermaphrodite germ lines were scored using DIC microscopy (Zeiss
Axio Imager M1—Carl Zeiss, Inc.), as highly refractile structures [88].
In some experiments, apoptotic corpses were visualized using the ced-
1::gfp strain under differential interference contrast (DIC) microscopy
using a Zeiss Axiovert 200 M inverted microscope with x100 Plan-
Apochromat 1.45 NA objective. Nematodes were anesthetized with
15-30 mM sodium azide in M9 buffer and mounted on 2 % agar pads.

UVB irradiation

UVB irradiation of synchronized L4 larval stage animals was
performed with a UV 236 B (Waldmann Medizintechnik) device
equipped with UV6 lamp, and germ-cell death was measured at the
indicated time points.

lonizing radiation

Synchronized L4 hermaphrodites were irradiated with 125 Gy of IR
in M9 buffer in a MDS Nordion Gammacell 3000 Elan.

UVC irradiation

UVC irradiation of synchronized L4 larval stage animals or 1-day
adults was performed with a Bio-Link Crosslinker device using the
indicated J/m?.

Cisplatin

Cisplatin treatment was performed on L4 larval stage animals for 24 h
in S-Medium (liquid medium) in a 12-well plate on a rotating plate in
the dark followed by 24-h recovery time before the determination of
apoptotic corpse using a BX43 fluorescence microscope (Olympus).

Hydroxyurea (HU)

L4 worms were treated for 16 h with a final concentration of
hydroxyurea (Sigma-Aldrich, H8627) of 0, 25 and 40 mM. HU was
spotted at the final concentration directly on the plates the day
before the treatment. And the fertility and fecundity were scored as
described in Radiation sensitivity assay.

Quantification of somatic cell apoptosis
Extra corpses in the head of ced-1(e1735) corpse engulfment-defec-

tive animals at the L1 larval stage were counted using DIC micro-
scopy (Zeiss Axio Imager M1—Carl Zeiss, Inc.) [89].
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Radiation sensitivity assay

L4 stage worms were treated with the indicated DNA-damaging
agents. Twenty-four hours after treatment, three PO worms for
each condition were placed in NGM plates containing a freshly
seeded 1-cm-diameter bacterial lawn in the center of the dish and
allowed to lay eggs for a period of 3 h. Adult worms were
removed, and eggs were counted with a dissection microscope.
Forty-eight hours later, hatched F1 larvae and dead embryos were
scored. Fecundity and fertility rates were calculated by combining
the numbers of laid and hatched eggs. Experiments were done in
triplicate.

Immunostaining

Worms were dissected on poly-L-lysine-coated slides in egg buffer
(Edgar, 1995) supplemented with 0.1% Tween-20 and 20 mM
sodium azide. Germlines were fixed in 3.7% formaldehyde for
2 min at room temperature (RT) followed by freeze-cracking by
immersion in liquid nitrogen. Post-fixation was done in methanol at
—20°C for 1 min followed by two washes in PBS + 0.1% Tween-20
(PBST). Blocking was performed by incubating the samples in 10%
donkey serum in PBST for 30 min. Primary antibody was diluted in
10% donkey serum in PBST and allowed to bind at 4°C overnight in
a humid chamber. Samples were washed two times for 10 min in
PBST. Binding of secondary antibodies was performed for 2 h at RT
with antibodies diluted in PBST. After washing three times for
10 min in PBST, the samples were mounted in mounting medium
(90% glycerol, 20 mM Tris at pH 8.0, 1 mg/ml p-phenylenedia-
mine). Pictures were taken with a Zeiss Axio Imager Z1 (Carl Zeiss,
Inc.). Primary antibodies for immunofluorescence were used as
follows: rat anti-RPA-1 1:200 (kindly donated by Anton Gartner
from the University of Dundee), rabbit anti-histone H3 (pSer-10)
1:400 (Santa Cruz Biotechnology, Inc., Santa Cruz, USA), rabbit
anti-CDK1 (pTyr-15) 1:100 (VWR, Oslo, Norway), and rabbit anti-
PARP1 (46D11) 1:1,000 (mAb#9532, Cell Signaling). The following
secondary antibodies were used: Cy3-conjugated anti-rabbit (Sigma-
Aldrich, St. Louis, USA) 1:2,000 for detection of anti-PARP1 and
1:1,000 for detection of CDK-1, respectively, and 1:1,000 Alexa 488-
conjugated anti-rat (Invitrogen, Carlsbad, USA).

Genetic screen

The DDR RNAI bacterial feeding library consists of 201 DNA mainte-
nance-related genes which were sub-cloned from the Ahringer
C. elegans RNAi Collection (Source Bioscience) into three 96-well
stock plates. Genes related to DNA maintenance were selected based
on previously published paper or identified using WormMine
(www.wormbase.org). The phenotype of the Pgst4::gfp and ispl
(qm150),Pgst4::gfp strains was monitored every day for two consecu-
tive generations on every RNAI clone. Differences in viability (let),
development (dev), fertility (fer or ste), and gst-4 expression (gfp)
were registered in three independent rounds of screening. After three
rounds of screening, we excluded those clones that (i) gave no
phenotype, (ii) similarly affected both strains, and (iii) gave inconsis-
tent results. Thus, clones that 2 out of 3 rounds of screening specifi-
cally affected isp-I mutants were shortlisted for sequencing and
validation on other two rounds of screening. Only those clones that
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consistently affected isp-1 mutants in at least one phenotype other
than the gst-4 expression were then selected for further analysis.

Expanded View for this article is available online.
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